Introduction {#sec1-1}
============

Two-photon microscopy has been widely used in the fields of neurobiology, embryology, physiology, and tissue engineering due to its high resolution (Masters et al., 1997), efficient light detection, increased tissue penetration (Denk et al., 1990). When combined with fluorescent protein expression methods, two-photon microscopy has been used to monitor the plasticity and activity of specific neurons (Chen et al., 2011), particularly cortical neurons (Helmchen and Denk, 2005) in living mice. In addition to the wide range of applications in imaging, multi-photon absorption was also considered a tool for selectively disrupting intracellular structures (Konig et al., 1999; Sacconi et al., 2005). In combination with laser-induced lesions, two-photon microscopy has also been applied *in vivo* (Galbraith and Terasaki, 2003; Nishimura et al., 2006), ablating or dissecting individual neurons. To date, multiphoton nanosurgery has been used to determine the role of specific neurons in animal behavior (Chung et al., 2006) and to study axon regeneration in worms (Yanik et al., 2004). When combined with *in vivo* imaging, this technique helped to record detailed remodeling processes and highlighted the cellular adaptive structural remodeling in response to injury.

It is well known that function of the nervous system relies on both axon and dendrite integrity through the pool of neurons. The ability of adult neurons in the central nervous system to regenerate damaged axons in response to injury is limited due to both intrinsic and extrinsic factors (Rossi et al., 1991; Horner and Gage, 2000; Snider et al., 2002; Kerschensteiner et al., 2005; Hawthorne et al., 2011; Tuszynski and Steward, 2012). Although a great deal of efforts have been made to counteract these factors, direct observation of axon degeneration and regeneration has remained elusive due to the lack of information regarding axonal dynamics and plasticity within the mammalian central nervous system, hampering the effectiveness of current therapeutic strategies.

Dendrites exert essential roles in the integration of synaptic inputs and in determining the scope of the action potentials generated by the neuron (Urbanska et al., 2008). The morphological alterations in the dendritic spines were considered to correlate with the underlying cognitive functions (Yuste and Bonhoeffer, 2001) in both healthy and damaged systems (Tavosanis, 2012). To date, it is not known whether mature neurons are capable of detecting the dendrite injury and responding by initiating the regenerative process (Stone et al., 2014). While some studies using cultured neurons have shown that dendrites can be regrown *in vitro* (Barnes and Polleux, 2009), they lacked the environmental context of *in vivo* reality.

All in all, investigating the response to varying degrees of injury in individual neurons may be essential for understanding the overall general trends of neuronal regeneration, and may contribute to establishing therapeutic strategies for neurological disorders involving dendritic injury. With this in mind, in the present study, we aimed to build an *in vivo* model to accurately and efficiently monitor axon and dendrite regeneration following precise lesions using low energy (less than 30 mW) two-photon nanosurgery.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

All experimental and surgical procedures were approved by the Laboratory Animal Ethics Committee at Jinan University, China (approval number: 20111008001). One-month-old male mice (003782-B6.Cg-Tg (Thy1-YFP) HJrs) expressing yellow fluorescent protein (YFP) in pyramidal cells predominantly in cortical layer V were purchased from Jackson Laboratory (Bar Harbor, ME USA) (YFP-H line) (Feng et al., 2000). The animals were kept on a 12-hour light/dark cycle with ad libitum access to food and water. The temperature of the animal holding area was kept at 21 ± 2°C, and the humidity at 50--60%. After imaging, the surgical wounds were sutured and the animals were allowed to recover at 37°C after imaging. All efforts were made to minimize the suffering of animals and to reduce the number of animals used in the experiments.

Preparations for procedures on the brain {#sec2-2}
----------------------------------------

To selectively disrupt individual dendrites, spines, and axons in the brain, a thinned-skull preparation was used as previously described (Grutzendler et al., 2002; Zuo et al., 2005).

One-month-old mice (YFP-H line) were anesthetized with 1.25% avertin (intraperitoneal injection, 20 μL/g). The head of the mouse was fixed using a head holder (Narishige STS-A SG-4N) and the tail was clamped (RWD-68091) to avoid the impact of movement due to breathing when imaging (**[Figure 1A](#F1){ref-type="fig"}**).

![The basic setup for nanosurgery.\
(A) The imaging setup consists of the schematic optical instrument and an anesthetized mouse with a thinned-skull window. (B) Line-scan time series images indicated the processes of dissecting before, during and after lesion. The arrow indicates the scan stop point.](NRR-12-751-g001){#F1}

An approximately 1 cm in length incision of the skin/scalp was cut using a surgical scalpel to expose the skull. Thinned-skull windows were generated using a high-speed micro drill, with a diameter of 200 μm. Further grinding of the skull, using a fine microsurgical blade, brought the bone in its thinnest area to a thickness of 20 μm.

The vascular topography was mapped using a charge-coupled device (Leica DFC 7000T, Solms, Germany) (Yang et al., 2009) and used as a guide for selecting the same region in the subsequent imaging sessions. The image area located in the motor cortex is 1.3 mm anterior to the bregma and 1.2 mm lateral from the midline (Yang et al., 2009).

Preparations for spinal cord procedures {#sec2-3}
---------------------------------------

To selectively disrupt individual axons in the spinal cord, the spinal cord window set up was based on a previously described protocol (Figley et al., 2013), and was performed with the following modifications: 1) The segments of the spinal cord were identified starting with the T2 as a reference, as its protruding spine can be easily identified (Ding et al., 2014). 2) An incision measuring \~1.5 cm in length was made into the skin and muscle, and the tissue layers were retracted to expose the lamina. 3) A laminectomy was performed on spinal vertebrae from segments C5 to T1 and the corresponding spinal cord segments were exposed. For each imaging session, the C4 and T2 vertebrae and the tail were affixed to an adaptor (RWD-68091) and the animal was lifted to minimize the effect of breathing on image capture (Kerschensteiner et al., 2005).

*In vivo* two-photon nanosurgery {#sec2-4}
--------------------------------

A two-photon microscope (Zeiss LM780, Oberkochen, Germany) was equipped with a Ti:Sapphire laser source (120 fs width pulses, 90 MHz repetition rate). The two-photon excitation wavelength was set to 920 nm. Imaging was achieved using 1.2 numerical aperture × 20 water-immersion objectives.

The immobilized mice were placed under the microscope (**[Figure 1A](#F1){ref-type="fig"}**). The frame imaging module (Zen, 2012) was used to select a larger operating range (200 × 200 μm2). Using the 3D crop option, the target dendrites, dendritic spines or axons were chosen to be disrupted. Typically, brighter ones were selected. The "linescan" module was selected to program the specific position to disrupt. The selected line position was repeatedly dissected by the laser using lower energy (less than 30 mW). A time series module was used to dissect the line position for thousands of times. Typically, the frequency of scan was 500 Hz, and for dissecting the dendrite and axon, 10,000 times was chosen; for dissecting the dendritic spine, 1,000 times was needed.

As shown in **[Figure 1B](#F1){ref-type="fig"}**, the resulting line scan is an image of spacetime, typically displayed with the individual scan line accumulating to the top. The fluorescence of each line represented the scanned target at a time. The degree of injury was monitored when dissecting based on the time-lapse images, the diameter of targeted position became smaller with increasing times for scanning and the fluorescence would disappear once the dissecting succeed (indicated by the arrow in **[Figure 1B](#F1){ref-type="fig"}**). Once the dissecting succeeded, the scan should be stopped to avoid the excessive damage.

The *in vivo* images were captured at the same position at different time points after injury. The same set-up was used to image the same position at different time points after injury.

Image processing {#sec2-5}
----------------

Z-stack images (view scope was 100 × 100 μm2, at 512 × 512 pixels, 0.75 μm z-axis step) were acquired to obtain a 3D reconstructions of the targeted structures. 3D-stacks were analyzed using ImageJ software (version 1.48; National Institutes of Health, Bethesda, MD, USA).

Results {#sec1-3}
=======

Dendrite ablation in the brain {#sec2-6}
------------------------------

Time-lapse morphological alterations were monitored for the dendrite disrupted by two-photon nano-surgery. *In vivo* imaging revealed that a single injured dendrite was completely ablated, and although the proximal end remained stable, the distal end began to rapidly fragment, contributing to the formation of a bulb, and the interval between the proximal and distal ends increased over-time after injury (**[Figure 2](#F2){ref-type="fig"}**).

![Time-lapse images, showing changes in a single dendrite in the mouse brain after a laser-induced disruption.\
(A) Representative immunofluorescence images under the thin-skull window taken under the microscope with a charge-coupled device. (B) Two-photon image of view from the boxed region in A. Selected dissected area images, with rhodamine-dextran stained vessels shown in red. 1 represents the intact dendrite and 2 represents the injured one. (C) Detailed view of proximal and distal dendrite ends of another dendrite after lesion, illustrating bulb formation (proximal and distal) before, during, 5 minutes (min), 1 hour (h) and 3 h after lesion.](NRR-12-751-g002){#F2}

Dendritic spine nanosurgery in the brain {#sec2-7}
----------------------------------------

Time-lapse morphological alterations of dendritic spine were monitored after two-photon nanosurgery. The dendritic spine was ablated and the proximal end was still fully separated from the distal end after 5 minutes, leaving a singular bulb in the distal end. One hour after surgery, the proximal end attempted to reconnect with the distal bulb by forming a new intermediary structure, however, the singular bulb had disappeared by the 3^rd^ hour, and no new structure was observed 6 hours after nano-surgery (**[Figure 3](#F3){ref-type="fig"}**).

![Determination of time-lapse alterations in response to a laser-induced disruption in a single dendritic spine from the mouse brain.\
Time-varying representative images of dendrite where the dendritic spines were disrupted in the first row. Two-photon images of the (1) intact and (2) injured dendritic spines from the boxed region in the first row were taken before, during, 5 minutes (min), 1 hour (h), 3 h and 6 h after lesion, with bulb formation.](NRR-12-751-g003){#F3}

Nanosurgical axon dissection in the brain {#sec2-8}
-----------------------------------------

Time-lapse morphological changes in the injury site of the targeted axon in the murine brain were captured. As described in **[Figure 4](#F4){ref-type="fig"}**, a rapid bulb formation was observed in both the proximal and distal ends following transection, and while these structures were present at the 3 hour time point, they had disappeared 6 hours after injury as the distance between the two segments increased.

![Time-lapse images showing changes in a single axon in the mouse brain after a laser-induced disruption.\
Time-varying representative images of disrupted axons in the first row. Two-photon images of the (1) intact and (2) injured axons from the boxed region in the first row were taken before, 5 minutes (min), 1 hour (h), 3 h and 6 h after lesion, indicating bulb formation (proximal and distal).](NRR-12-751-g004){#F4}

Nanosurgical axon dissection in the spinal cord {#sec2-9}
-----------------------------------------------

As shown in **[Figure 5](#F5){ref-type="fig"}**, the axon in mouse spinal cord was also accessible to sectioning by nanosurgery, with clearly observed spacing between the proximal and distal ends.

![Time-lapse morphological alterations in a single axon in the mouse spinal cord after a laser-induced lesion.\
(A) The two-photon images of spinal cord before, during, and after lesion. (B) Representative 3D images of a lesioned axon 3 hours after injury. Arrows indicate lesioned axons.](NRR-12-751-g005){#F5}

Discussion {#sec1-4}
==========

Using this protocol, we successfully applied two-photon nano-surgery with low energy to dissect the axon, dendrite and especially dendrite spine in the brain or spinal cord in mice. Using *in vivo* imaging technique, we showed the time-lapse alterations in these subsets in response to the lesion. To the best of our knowledge, this is the first report of dendritic spine dissection without any visualized damage to the near structures in the living mice using two-photon nanosurgery with low energy. Our approach allows the investigation of the pre- and post-injury dynamics in the neuronal substructures *in vivo*.

It has been proposed that the mechanical or chemical methods of generating commonly used injury models cause significant disruption in tissues, with high spatial specificity and confinement (Allegra Mascaro et al., 2014). Techniques using laser emission have been successfully used in the manipulation of single cells, as any structure resolved by light microscopy was amenable to laser ablation. Laser surgery has also been widely used in several medical procedures, in cell lysis for single-cell characterization (Quinto-Su et al., 2008), in developmental studies of insect embryos (Supatto et al., 2005), and in ablating individual synapses to modify neural networks in C. elegans (Allen et al., 2008). Previous studies have shown that ablation of progenitor cells or some very small neurons influences the development and behavior (Bargmann and Avery, 1995; Gray et al., 2005). Moreover, individual axon branches can be ablated without generating a persistent glial scar (Allegra Mascaro et al., 2013) and single spines were able to be disrupted without influence on the structural integrity of the parent dendrite (Sacconi et al., 2007). When applying laser nanosurgery, three possible mechanisms of generating supplementary damage in the target structure must be considered: a) thermal and chemical processes induced by multi-photon absorption; b) production of huge thermoelastic stress; and c) mechanical, thermal, and chemical processes released from optical breakdown (formation of plasma) generated by multi-photon combined with the cascade ionization processes (Vogel et al., 2005). As a consequence, the nonlinear optical methods applied in these fields require further development and refinement (Zipfel et al., 2003). A previous study has reported that the non-linear nature of multi-photon processes supplies an absorption volume confined spatially to the focused zone (Zipfel et al., 2003). Multi-photon nanosurgery with spatial precision is applied in live brain to disrupt a single neuron, even in the previous study using high energy to dissect (Allegra Mascaro et al., 2010), no obvious collateral injury to the surrounding structure was observed. Here, our low level energy approach allows *in vivo* targeted dissection of axons, dendrites, and even dendritic spines.

*In vivo* imaging allows the direct observation and morphological analysis of the injured sub-structures at the single cell level over hours in situ. Based on sensitive time-lapse monitoring, it was possible to directly observe the provisional stages of the remodeling process and to subsequently show the newly-formed connections (Allen et al., 2008). In this paper, expanding on this technique, time-lapse changes in injured dendrite spine, dendrite, axon were monitored *in vivo*. Based on our current findings, we propose that a common cellular program of self-protection, the formation of the bulb in injured structures, is a localized attempt to protect neurons from lesion. The neuron may attempt to regenerate at the early stage, however, this robust regenerated response seems to fail due to some unknown interrupting factors as the damage is not resolved, and ultimately may lead to the affected neuron undergoing apoptosis.

In view of these observations, our approach which combines nanosurgery and *in vivo* imaging, may be an exciting tool for neuropharmacological studies on how dendrite spines and dendrites respond to lesion. This may contribute to the development of therapeutic strategies to promote regeneration in pathological conditions related to the neuronal injury or degeneration.
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